Abstract-Los Alamos National Laboratory and the University of Texas at Austin recently implemented a robotically controlled nondestructive testing (NDT) system for X-ray and neutron imaging. This system is intended to address the need for accurate measurements for a variety of parts and, be able to track measurement geometry at every imaging location, and is designed for high-throughput applications. This system was deployed in a beam port at a nuclear research reactor and in an operational inspection X-ray bay. The nuclear research reactor system consisted of a precision industrial seven-axis robot, 1.1-MW TRIGA research reactor, and a scintillator-mirror-camera-based imaging system. The X-ray bay system incorporated the same robot, a 225-keV microfocus X-ray source, and a custom flat panel digital detector. The robotic positioning arm is programmable and allows imaging in multiple configurations, including planar, cylindrical, as well as other user defined geometries that provide enhanced engineering evaluation capability. The imaging acquisition device is coupled with the robot for automated image acquisition. The robot can achieve target positional repeatability within 17 µm in the 3-D space. Flexible automation with nondestructive imaging saves costs, reduces dosage, adds imaging techniques, and achieves better quality results in less time. Specifics regarding the robotic system and imaging acquisition and evaluation processes are presented. This paper reviews the comprehensive testing and system evaluation to affirm the feasibility of robotic NDT, presents the system configuration, and reviews results for both X-ray and neutron radiography imaging applications.
I. INTRODUCTION
N ONDESTRUCTIVE testing (NDT) is a highly multidisciplinary group of techniques used throughout science and industry aimed at evaluation of material properties and detection of defects, both surface and internal, without causing physical damage to the inspected components [1] . Automation of NDT of engineering components represents one of the key objectives of many industries, including the automotive, aerospace, petrochemical, power generation, and nuclear industries. In contrast to manual inspection, it keeps humans away from hazardous material and potentially dangerous work and enables increases in accuracy, precision, and speed of inspection while reducing production time and associated labor costs. The use of robots can provide additional autonomy and flexibility to automated NDT, whereas manual inspection of numerous components or large structures is laborious and time consuming. Automated robot inspection can be beneficial in diverse industrial scenarios ranging from integration of NDT into manufacturing processes of complex geometry components to periodical repair of large structures, such as turbines and aerospace components. Additionally, unusual environmental threats, such as those from underwater oil spills and nuclear power plant accidents, have caused renewed interest in fielding radiography in severe operating conditions. These severe operating conditions pave the way for remote handling systems, where robots are increasingly deployed in remote and hazardous environments, such as those found in the nuclear waste management field and other radioactive environments [2] . The Department of Energy (DOE) has in particular targeted robotic handling of hazardous waste to be an essential element in its efforts of environmental restoration and waste management [3] . Within the DOE complex, the primary purpose of robots is to replace (or augment) human operators to increase safety without adversely impacting process efficiency. Remote-operated robots allow access and manipulability to areas that would otherwise be inaccessible due to radiation levels, enabling repairs, maintenance work, inspections, or other tasks [4] .
A fundamental problem with NDT of manufactured components lies in the process variability. Often parts that are designed identically may have minor to significant deviations from their intended design or even from one part to another. This presents a challenge for precision NDT measurement, since the NDT deployment method must be flexible to accommodate the differences in component shapes. For this reason, NDT inspections are often performed manually by technicians who typically have to position and move a component or inspection probe to achieve proper alignment. This requires trained technicians and results in long inspection times. Achieving a high level of precision and repeatability for a test can be difficult when part alignment is necessary to perform the inspection [5] . Therefore, the fundamental aims of automation within the NDT process are to minimize downtimes due to the higher achievable speed, to minimize variability due to human factors, and to reduce the human exposure to hazardous or physically constrained environments.
Semiautomated inspection systems have been developed to overcome some of the shortcoming with manual inspection techniques, using both mobile and fixed robotic platforms. Some NDT techniques, such as video inspection, eddy current testing, and ultrasonic testing, have been readily automated [6] . There are also numerous applications of climbing robots [7] and autonomous mobile robots [8] for inspecting large structures where human access is limited due to space limitations or hazards. Mobile robots carrying inspection tools, such as cameras, 2-D lasers, and IR sensors, have been used for sewer pipe inspection to look for damage or abnormalities [9] . Linear manipulators and bridge designs provide high positioning accuracy [10] to many of these semi-autonomous systems. Typically, these systems are specific machines that are used to inspect identically shaped and sized parts; therefore, they have limited flexibility in the methods they use and what types of parts they can inspect. Automated X-ray test systems for workpieces can be found commercially [11] ; however, they come preconfigured for use with specific software and hardware. Despite these previous efforts, challenges remain to be addressed before fully automated, high-precision NDT inspection becomes commonplace. The key challenges include flexible trajectory planning, integrated NDT data collection, and achieving high repeatability and precision measurements. The result of NDT imaging inspection requires a flexible and extensible approach that has the flexibility to allow future changes in the path planning to accommodate different parts and techniques.
This effort focuses on flexible motion control system for NDT applications in radioactive and other hazardous environments that are complex, requiring multidisciplinary knowledge in order for the motion system to complete its required task(s). Flexible NDT is necessary to address the vast majority of NDT applications which are experimental, low (or often singular) batch, and/or require in situ modification of test parameters. As computer vision and automated inspection techniques improve, automated imaging inspection and interpretation can become a reality. Research and development is, however, ongoing into new approaches that can be used to aid X-ray interpretation [12] .
Today, any particle type can be combined with an increasingly wide range of digital detectors to image almost any conceivable object in extreme environments. As the industrial radiography sensitivity and resolution requirements increase, along with the range and complexity of items to be inspected, high-precision positioning systems become necessary. Imaging techniques rely heavily on positioning the part in a precise location inside the X-ray beam and inline with the imaging detector, not just once, but many times (up to thousands of related but distinct positions). Typical imaging techniques include: static radiography, computed tomography (CT), and helical scanning [13] . The NDT and Evaluation Group at the Los Alamos National Laboratory (LANL) has implemented various linear and rotary motion stages to position parts for digital radiography (DR) and CT [14] . Additional techniques such as helical scanning and in-motion radiography have been implemented [15] . CT scan requirements are a good example of the high precision and repeatability requirements for X-ray imaging. CT typically requires one view per pixel of maximum region of interest width. In tomography, a variety of artifacts may be present in projection sets that propagate errors back into the reconstructed image. If fewer projections of the object are captured, the image will have more reconstruction artifacts and poorer resolution, boundary definition, and uniform voxel (i.e., the 3-D analog of the pixel in a 2-D image) spacing. Thus, it is necessary to have uniformly spaced view angles. With CT scans, it is important that images be precisely located relative to each other. A six-axis positioning system, along with a digital detector would yield the following benefits. 1) Enhanced Worker Safety: Less frequent access to the beam area reduces the probability of an accidental worker exposure, and helps maintain as low as reasonably achievable (ALARA) dose by keeping distance between parts and workers [40] . 2) Positioning Flexibility: A robotic positioning system allows the radiographers to get images from any angle, and parts can be repositioned remotely to better capture the desired image. 3) Real Time Remote Positioning: Coupled to a real-time digital imaging system, radiographers can remotely position the item to better investigate newly discovered areas of interest. In the sections to follow, we describe the robotic system, how it is used, the integration between the components of the entire imaging system, and evaluate the resulting X-ray and neutron radiographs.
Robotics allow for high-mechanical rigidity and repeatability, configurable imaging motion planning, six DoF programmable positioning of payloads with both course and fine movement capability, and kinematic model visualization. For example, the robotic arm used in this paper (see Section II-C for more specifics on the robot model) is capable of moving a 5-kg payload over a near-arbitrary path within a volume of roughly 0.4-m radius, while achieving a repeatability of 17 μm. Other NDT applications such as eddy current [16] or ultrasonic inspection of aerospace components [17] have implemented the use of a robotic arm for sample exchange and/or part positioning. However, these applications do not necessarily require the same level of precision as the imaging applications required in this paper, with an example shown in Fig. 1 .
II. METHODS AND GENERAL DESIGN CONCEPT
The application task is to autonomously image different parts, one-at-a-time, and with high precision. The application begins with the objects either randomly distributed or in a predetermined position in the robot's workspace. If the objects are randomly distributed, an imaging system is used to determine their location using sensor information from a depth camera [18] . A schematic of the generalized cycle of sample handling is shown in Fig. 2 . The process shown here represents the X-ray system. The X-ray generating device (XGD) and digital imaging detector are also included in Fig. 2 . The robotic system deployed in the nuclear research reactor follows a similar sample handling process, except that the XGD is replaced by the neutron beam and the detector consists of the scintillator-mirror, camera system. The neutron imaging system is described in detail in Section III-B. For both X-ray and neutron systems, the task is always performed in simulation prior to hardware execution to make sure the robot completes the task as expected and safely.
A risk analysis was carried out, identifying breakdown recovery as a particular area of concern because of the potential handling of radioactive material and the restrictions on personnel access as radiation levels increase. The robotic system therefore includes features to either avoid foreseeable problems or to enable recovery in the event of failure when the robots are handling highly radioactive parts. One example of problem avoidance is the implementation of collision avoidance. Another example is robot joint current monitoring during operations; if a joint current exceeds its threshold value, the robot will stop. This monitoring allows detection of problems before the robot generates large forces on fixed surfaces or other equipment in the area. This ensures recovery is not hampered by the robot having to "cut out" after exceeding the maximum joint current limit.
The system permits the operator to easily cancel autonomous execution at any time and revert to teleoperation, or issue new high-level motion commands, such as "stow robot behind shielding" or "place part down," without the need to restart any hardware or software. The user is kept in-theloop, so one is able to intervene in the case of an emergency. This type of flexibility permits operation under transitional autonomy, and is not possible under the traditional teach/do paradigm of industrial robot programming.
A. NDT Imaging Requirements
The goal of performing flexible imaging and maintaining required positioning accuracy require that positioning is correctable in translation (x, y, z) and in pointing angle (Rx, Ry, Rz). Additionally, multiple axes need to be aligned (Fig. 3) and the imaged part's axis of rotation needs to be aligned with the system's z-axis (i.e., the detector) and the robot axes. According to LANL radiographers, the most precise of product specifications call out 0.05-mm minimum feature requirements to be measured for radiography inspection in the LANL Plutonium Facility. These features are measured to 0.025 mm. Vibrations cannot exceed 6 μm (i.e., one quarter of the maximum requirement) while the part is held in order to allow accurate measurements. Also, the tilt of the part relative to the X-ray beam needs to be known to within 0.1°. These requirements represent typical requirements for NDT applications surveyed at LANL. 
B. Summary of Utilized Systems
The key hardware elements utilized to be developed in the automation imaging system include the following: 1) seven axis industrial manipulator and gripper capable for part manipulation; 2) X-ray source; 3) neutron source; 4) operational software for flexible automation capability and peripheral integration including vision.
C. Seven-Axes Robot for Part Manipulation
To address the mechanical challenges posed by the highprecision requirements in NDT, we have implemented the use of a seven-axis serial robot with a 5-kg payload (model Yaskawa SIA5 and FS100 controller [19] ). A Robotiq gripper (both three-fingered [20] and two-fingered models [21] were used). The tip of the end effector (EEF) is also commonly referred to as the tool center point (TCP). The robot controller uses the Denavit-Hartenberg parameters [22] to define the kinematics of the robot, which allows the part to be spatially oriented.
The choice of this industrial-grade, robotic arm allows for the reduction of time needed for inspection, high precision, affordability, reliability, as well as integration with open source software which simplified the integration of peripheral devices, vision, and other supporting components. The coordinated motion and part offsets must provide the ability to maintain positional accuracy for various parts, accounting for varying part sizes and weights. The robotic software combined with the well-developed robotic controller has integrated timing mechanisms that provide input and output signals to easily coordinate the X-ray source, flat panel detector, and other measurement equipment precisely at desired times of the imaging application. Polar rotation of the part is accomplished by inputting the part offset distance and tilt relative to the robot's tooling offset and then selecting a desired part rotation. Indents in the robot's gripper provide for repeatable part positioning.
The coordinated motion of the robot allows for full spatial error correction, including position and orientation. This helps to maintain positioning accuracy and minimize errors throughout the entire radiograph exposure time. This level of correction is not possible with conventional stacked-axes positioning systems that typically have fewer than six DoF as well as a small reachable workspace. Additionally, stacked motion stages can only move a single axis at a time. A robot can be taught and/or commanded to perform a sequence of complicated moves. In both robotic and motion stage-based systems, the volume occupied by the item inspected and that items swept volume path must also be accounted for. An analysis of the robot's workspace and collision avoidance is described in Section II-F.
D. X-Ray Source and Digital Detector
The system was installed in an open-air X-ray bay at LANL with a 225 keV microfocus X-ray source. A custom Varian 2520 (25 cm × 20 cm) amorphous silicon flat panel digital detector [23] that is tolerant to high-energy X-rays was used to acquire digital radiographs. All radiographs throughout this work were imaged with the XGD set at 135 keV and 66 mA. The exposure time was set to 0.5 s for each image (i.e., 2 frames/s) with 50 frames averaged for each image. For CT and helical scans, the number of averaged frames was reduced to 10 to decrease scan time. The focal spot size was set to 7 μm and a 6:1 magnification was used (source to object distance was 280 mm and source to detector distance was 1701 mm).
E. Neutron Source and Scintillator-Mirror-Camera System
Neutron imaging was performed at the University of Texas (UT) Austin's TRIGA Mark II research reactor. In the beam port, there is a thermal neutron flux of 5.3 × 10 6 n cm −2 s −1 and thermal-to-epithermal ratio of 8.1 × 10 4 ± 10% n cm −2 s −1 at a reactor power of 950 kW. Neutrons are directed from the reactor core to the beam port through a neutron guide, which reflects neutrons in a manner that is analogous to optical reflection. The neutron guide acts as a neutron filter; only neutrons of certain energy are efficiently transported down the guide. Neutron guides work best for lower energy neutrons as the reflectivity of higher energy neutrons is low. From Fig. 4 , one can see that there is structure in the beam, which is due to the neutron guides. When calibrating images this structure is accounted for by normalizing the blank beam measurement. The beam is a very clean neutron source and is also a divergent beam.
A scintillator-mirror-camera system ( Fig. 5 ) was utilized to acquire digital radiographs. This allows the operator to know what the radiograph looks like in real-time and allows for adjustments in part positioning to be made online. The neutron imaging detector's pixel pitch, which is the physical distance between the pixels in the imaging device, is 35 μm. The charge-coupled device camera had a 1004 × 1002 active pixel area on the chip, with a pixel size of 8 × 8 μm, and a lens magnification of 1:1.14. The scintillator used was a copper, aluminum, and gold doped 6 LiF ZnS neutron detection screen. The overall detector resolution of the system is limited by the scintillator resolution (i.e., 6 lp/mm), which is equivalent to the minimum resolution of 80 μm. For future work, the modular transfer function should be calculated for the neutron imaging system; however, the focus of this work is to show the functionality and feasibility of the incorporation of robotics into the imaging system. The estimated thermal neutron capture efficiency is 42% at a scintillator thickness of 0.45 mm, a 6 LiF:ZnS mix ratio by weight, and a 6 Li atomic volume density of 12.9 atoms/ccx10 21 . [24] The reaction that occurs is 6 Li + n → 4 H e + 3 H + 4.8 MeV, where the ejected triton interacts with phosphor in the scintillator to create a scintillation event. A stainless steel enclosure, along with lead bricks and lead blankets, surrounded the enclosure to shield against X-ray hits and background noise. Note that CT scans were not performed using this neutron imaging system, since exposure times to obtain a single image ranged from five to ten minutes.
F. Robot Software
The robot operating system (ROS) was used for operating the robot, integrate all peripheral devices, and perform many of the necessary calculations, including object recognition, pose estimation, trajectory generation, and collision detection [25] , [26] .
The reachable workspace of the SIA5 was calculated and is shown in Fig. 6 with a collision object added to the robot's workspace. This demonstrates the collision avoidance capability of the software and shows the workspace boundaries of the manipulator with a Robotiq two-finger gripper attached. From Fig. 6 , it is evident that the range of motion from the axis of rotation around the z-axis to the last point of the EEF, in the y-axis direction is roughly 0.72 m. It should be noted that this range is only theoretical. To acquire the SIA5's workspace, MATLAB's Robotic System Toolbox [43] was utilized to record the EEF path at 10 Hz as the robot moved to random locations. The EEF position was recorded by obtaining the transformation between the robot's base and the robot's palm. A similar method can be used to obtain the orientation of the EEF at each location, if desired. Joint interpolated motions were used to complete each move.
It is apparent that the robot automatically avoids the collision object, as shown by the lack of motion inside the dashed red circle in Fig. 6 . There were a total of 400 000 moves tested and no failures were identified-less than 1 in 400 000 failures (less than 2.5 per million moves) for the point at the EEF. For actual experimental testing, the move can be simulated first and then stored for a particular motion plan needed for imaging applications.
G. Achieving Small Angular Motions for Tasks Requiring High Precision
CT and helical scans [38] can require more than 4000 images, depending on the part geometry and dimensions, taken at sequential angular steps. This requires the robot to execute joint angle movements of less than 0.1°. In order to do this, the software computes a very short trajectory for each step with four points along each trajectory; the first and last are the starting and ending point respectively and the middle two are determined by linear interpolation. Without performing this trajectory, the minimum increment a robot can move via a simple joint motion command (i.e., arm->move()) is 0.287, where arm is the name of the MoveGroup class that will be controlled and planned for, and move() is a function within MoveIt that moves the robot to a specified joint position [42] . 1 A 65.2% decrease (from 0.287°to 0.1°) in the minimum joint angle step value was achieved by using this trajectory algorithm. The same mini trajectory used to achieve small joint motions can be used to give micrometer level commands to the robot for Cartesian motions in ROS.
H. Part Alignment
Alignment of item center or other point of reference can be one of the most challenging and time consuming aspects of NDT imaging. This can be especially true for high-resolution imaging, where digital panels and magnification can lower the required alignment tolerances to hundreds of micrometers. Having to keep track and maintain positions of the robot, gripper, and part to these tolerances is a challenging requirement. To determine and maintain mechanical relationships among these components offset frames between the robot's EEF to the gripper and to the desired part pose must be calculated. To accomplish this, the robot kinematics must be calibrated so that the robot knows where it is and where the held part is relative to the measurement coordinate system. This entails teaching the robot where the part is in relationship to its native kinematic model, which allows the robot to be commanded in the part's coordinate system. To do this, transformation matrices are derived, which allow the offset frames to be directly interpreted as a set of movements in the robot's native coordinate system. The part frame is the robot's EEF frame plus a translational and rotational offset. The position of the part frame, P F (x, y, z), relative to the tool-center-point frame (located at the robot's wrist faceplate), 
where transformations Rot(x, θ x ), Rot(y, θ y ), and Rot(z, θ z ) are pure rotations of frame TCP F about the x-, y-, and z-axes of frame P F with the angles of θ x (yaw), θ y (pitch), and θ z (roll), respectively.
1 This minimum joint value increment was determined experimentally using an SIA5 manipulator, FS100 controller, ROS Hydro, and Ubuntu 12.04. More work needs to be done to determine if this is an ROS, FS100, SIA5, or MoveIt [42] limitation and why. Fig. 7 . X-ray system setup with integration of robot, ROS, gripper, controller, and image acquisition device shown. For the neutron system, the flat panel is replaced with the scintillator-mirror-camera system described in Section II-E.
After determining the EEF-to-part offset frame, the relationship between the robot and different coordinate systems can be determined such that the part remains in the beam path along the z-axis (Fig. 3) . This alignment allows the robot to rotate the part while maintaining the part's alignment in the beam and field-of-view of the detector. Knowledge of the part volume and volume sweep is important and can be accounted for by modeling the part in ROS a priori.
I. Coordination Between Robot, Imaging Detector, and XGD or Neutron Beam
In order to accomplish motion planning, robot trajectory execution, and integration with other hardware, it is necessary to have a suitable framework. The developed software must simplify robot integration with other NDT hardware components (the imaging detector and XGD or neutron beam). The software developed in this paper also allows for the integration of image acquisition devices to make the motion and image acquisition autonomous.
Whereas the hardware system is composed of off-the-shelf components, the software system is custom-built to provide the flexibility required to automate integrated tasks. Separately, the tasks themselves are not difficult, but integration into a single system is nontrivial. Fig. 7 shows the major software and hardware system components and interactions. ROS includes the robot software and application code (e.g., pick, place, and so on). The software (hardware drivers, algorithms, etc.) is organized as a set of nodes that communicate via a standard messaging protocol. This custom LANL automated radiography system has been developed to simplify application-level programming.
System architecture was developed for integration of radiography imaging with a robotic manipulator where images are automatically acquired at each step in the scan, through communication between the robot's motion control and image acquisition. A modular architecture facilitates different imaging devices integration and utilizes a Python script to communicate between the robot and flat-panel detector to close the loop between the robotic motion and imaging acquisition device. ROS allows for communication between the robot and imaging devices using scripting languages (C++, Python, and MATLAB) on the same PC. The code to run the robot is written in C++, and the flat panel acquisition software is written in Python. ROS has tools to effectively communicate between the multiple processes both simultaneously and sequentially. ROS creates a publisher "talker" node that broadcasts a message to either the flat panel detector when the system is ready to acquire a radiograph. A master node tells the flat panel detector node that is subscribed to an acquire_image topic when to acquire an image. This topic tells the master node whether to continue with the robot application if the image acquisition has finished, or to wait if the image acquisition device has not yet completed the exposure time or completed the saving process of the radiograph.
J. Measuring Radiation Damage
Radiation exposure can result in damage to the robot and other components. Radiation can cause energy deposition in materials that can cause mechanical and electrical changes, such as weakening to material structure due to vacancies and irregularities and reducing semiconductor effectiveness due to formation of ion pairs from deposited energy. Monte Carlo tools like MCNP [27] can enable us to easily perform the high-fidelity calculations necessary to determine the neutron damage rate. High enough levels of neutrons or photons will eventually affect the reliability of electronic components. Thus, radiation tolerance is critical to the reliability of the imaging process.
The sensitive components installed on advanced manipulators can be divided into three categories: 1) the drives (usually electrical actuators with bearings, gear boxes and position feedback devices); 2) the sensors (distance and force sensors, and cameras); and 3) the cables and other communication devices (including line drivers, multiplexing circuits, analog to digital converters, radio links and even the preamplifiers needed for some sensors). For each category, the radiation hardening level required will depend on their location with respect to the radiation sources (near the EEF or near gantry tracks or walls) and on their frequency of use (e.g., a tool used a small number of times, compared with protection systems in use permanently) [28] .
Papers detailing this work and the results can be found in [29] and [30] . In summary, Displacement Per Atom (DPA) rates in the SIA5 robot were calculated using MCNP. For this work, the neutron spectrum was simulated and based on the same beam port that the robotic system was deployed in at UT Austin's TRIGA Mark II research reactor. This type of DPA rate calculation can be applied to determine the radiation damage to robots and other objects in other radioactive environments and applications. For comparison, the DPA rates determined in this work were similar to those found in thermal reactor materials [31] , which is expected since the TRIGA reactor is one.
III. RESULTS
The previous section (methods and general design concept) provided detail on the methods used to determine the reliability, safety, optimization, communication, and execution of a robotic system for NDT imaging purposes. This section delves into the details of the system implementation and uses the methods presented in the previous section to perform several experiments that test and validate the advantages of using flexible automation for nondestructive imaging purposes. The implementation of the system is described, showing how the methods presented are used in conjunction with other hardware and software tools to provide a functional autonomous radiography and/or CT system. Two main application areas are discussed that show the robot performing neutron imaging at a TRIGA Mark II research reactor at UT Austin and X-ray imaging at a high energy X-ray source at LANL. This application area demonstrates how the work presented in this document supports the feasibility and necessity of a robotic system for nondestructive imaging by exploiting the flexibility of robotics to gain efficiency and adhere to ALARA principles. All of the grasp, motion planning, and image acquisition communication in the following applications are performed in ROS, demonstrating how ROS simplifies integration of complex robotic systems under a common operating framework and how ROS allows incorporation of recent research advances into deployed systems.
A. Metrology
In depth repeatability and vibration tests have been performed on the robotic system used in this paper [30] , [32] and demonstrate that the robot's repeatability and vibration mitigation are sufficient for the required imaging tasks. For the robot's mechanical parameters assessed, the tests performed showed that the repeatability is 17 μm with a slight dependence on speed. Faster robot movement speeds (100% instead of 25% of v max , which is approximately 2500 mm/s for linear moves [19] ) result in slightly worse (less than 25 μm) repeatability results. Having high repeatability allows the robot to position the part in the beam in the same desired pose each time. Yaskawa [19] states a repeatability value of 60 μm. However, asserted capabilities from robotic companies tend to be extremely safe, since Yaskawa's declared repeatability value is taken at maximum payload and maximum speed [33] . For actual hardware implementation, the robot's velocity is limited to 20% of its maximum velocity and acceleration limit. This limitation is defined by the implementation in this paper. Two types of vibrations that are explored in Hashem et al. [30] , [32] are static and tracking vibration, with static vibration found to be within the 6-μm requirement. Static vibration is the amplitude of impact of vibration on the EEF position while the robot is not moving. Tracking vibration is the amplitude of impact of vibration on the EEF position while the robot is moving. Tracking, which is the ability to follow the exact same EEF path, is also explored.
The repeatability of the robot can also be determined using actual radiograph images. This test was performed using a 225-keV microfocus with a Varian amorphous silicon flat-panel detector (PaxScan 2520, Varian Imaging Products, Palo Alto, CA). The Varian panel's pixel pitch is 127 μm at 1:1 magnification. In ordinary X-ray radiography, the resolution in the captured images is 25 μm for film and 100 μm-1 mm for digital. The microfocus allows imaging down to the 2-3 μm level. Therefore, it is important for the robot's repeatability and resolution to be on this level as well. The distance between the source and object should be minimized to increase magnification so that micrometer level motions can be resolved. However, decreasing the source to object distance increases focal spot blur. Lower energies can help reduce image blurring while longer exposure times improve statistics. Blurring in the captured images should be minimized so one can distinguish the micrometer level differences between images.
Ten radiographs were taken of a spherical ball bearing (BB) attached to a plastic screw held by the robot. The robot completed a repeatable motion (performing both joint and Cartesian motions), with each image taken at the completion of the repeated move. Images were compared in terms of pixel intensity and location relative to other images. The differences in pixel intensity relate to the differences in the location of the BB. It was found that there was approximately a 1.3 pixel difference in BB location along the x-and yaxes between the images. For this test, the source to object distance was 171.45 mm and the source to detector distance was 1701 mm, so the magnification or zoom factor was 9.92. Therefore, the effective system pixel pitch was 12.8 μm (i.e., 127 μm pixel pitch divided by 9.92). The corresponding repeatability value would then be ±17 μm (i.e., 12.8 μm times 1.3 pixel value difference). This compares well to the ±17.9 μm repeatability value obtained using the dial indicator with the robot moving at 25% maximum speed. It is important to use the void setGoalTolerance()function in ROS to set the error tolerance to a sufficiently low value. For joint state goals, this will be the distance for each joint, in the configuration space (radians). For pose goals this will be the radius of a sphere (m) where the EEF must reach.
Resolution for a robotic system is the minimal commanded step for a joint. The resolution value is the smallest incremental move that the robot can physically produce. To test the resolution of the robot's EEF, the robot was commanded to move the minimal step in Cartesian space by computing a mini trajectory in ROS. The same microfocus system was used to acquire the images as described earlier. An example test is shown in Fig. 8 . For the resolution test conducted, the distance from the source to the object was 12.7 cm and the distance from the source to the detector was 167.6 cm. Therefore, the magnification was 13.2 and the effective system pixel pitch is 9.62 μm (i.e., 127 μm divided by 13.2). The differences between the images are shown in Fig. 9 . The x-direction is facing up in the images. There was approximately a 3.5 pixel difference between the two images. This value needs to be divided in half to get the actual distance traveled because the differences in both images are highlighted. Therefore, the actual distance traveled was 1.75 pixel, which relates to a 16.8 μm resolution (i.e., 9.62 μm times 1.75 pixels). The joint resolution of the robot will be lower than this value since the resolution possible for the EEF is a function of the joint resolution and the configuration of the robot. 
B. Neutron Imaging Measurements
To illustrate the advantages of using a robotic manipulator with neutron imaging, mock-up depleted uranium fuel rods, each consisting of five pellets prepared from urania (UO 2 ) powder, were characterized by thermal neutron radiography. To simulate cracks and voids resulting from irradiation and burn-up in a fuel pin, tungsten and gadolinium inclusions were embedded in the mock-up pellets. These rodlets contained defects similar to those seen in irradiated fuel rodlets. They can be used to establish sensitivity for density, visualization of voids/cracks, and inclusions of different materials. The SIA5 manipulator handled the fuel rods and provided advanced and flexible motion capabilities that would be difficult to achieve with linear and rotary motion stages. The goal is to characterize irradiated fuel pellets, as well as to offer better guidance for more expensive destructive examination. By imaging fuel rods, one can see the effect of the development of irradiation and burn-up damage in nuclear fuel over time. Since the technique is nondestructive, the time evolution of fuel rod damage can easily be measured this way. With the ability to predict how the composition and structural integrity of fuel pellets evolve during their duration in a reactor, one can improve the performance of nuclear modeling codes such as MARMOT [34] . This will accelerate the understanding of processes occurring during irradiation and ultimately improve nuclear fuel. Neutron imaging consisted of a radiograph of three fuel rods with the primary focus on the fuel pellet region. Exposure times ranged between five and ten minutes for a single image. Multiple experiments were conducted including the following. 1) Rotating each fuel rod to various orientations.
2) A vibration analysis (i.e., comparison of the resulting radiograph with the robot holding and not holding a fuel rod). 3) A repeatability test. This test consisted of taking an image with the robot holding the fuel rod in a specified location in the beam, moving the robot away from the beam, bringing the robot back to the same specified location, taking another image, and then comparing the two images using MATLAB's Image Processing Toolbox [35] . From these comparisons, it was shown that the repeatability in the fuel rod's final location was ∼0.025 mm. More information on this test can be found in Hashem [30] . 4) A CT scan of one of the fuel rods. Neutron CT is a process by which the 3-D neutron attenuation values throughout the object are obtained. This process requires taking 2-D neutron radiographs of the object while it is rotated around 360°, with images taken at certain points within the scan. Recon [36] , a CPU-based reconstruction algorithm that uses a standard Feldkamp filtered back projection method, was used to reconstruct the 3-D map. 5) A helical scan, which is explained in Section III-C. 6) Radiographs of the fuel rods at various orientations. Example results of the neutron radiographs of the three fuel rods are shown in Fig. 10 . Darker regions represent materials/ areas with higher neutron attenuation coefficients than lighter regions. Gadolinium and tungsten inclusions appear darker than the depleted uranium (d-UO 2 powder). The gray regions indicated uniform d-UO 2 . Thermal neutron tomography identifies flaws in the composite pellets whereas areal density fits Fig. 11 . Subset of helical scan of a Maglite completed using the robotic system coupled with the image acquisition system. The robot's gripper can be seen in the first three radiographs, however, it does not interfere with the resulting radiographs since we are only interested in the bulb (top) portion of the part.
to the 238 U demonstrate density uniformity. The gaps between rodlets are visible in the radiographic images. Voids or chips on the outside of the pellets are visible (appear black). These radiographs clearly show the capability of the robot to perform neutron radiography tasks. The integrated system has successfully demonstrated imaging of the mock-up uranium fuel rods with the necessary precision and repeatability. These demonstrations serve as a proof-of-concept that flexible automation and robotic technologies developed in research laboratories can be valuable for advanced nondestructive imaging abilities and applications.
C. X-Ray Imaging Measurements
A seven-axis robot arm can be configured for any number of imaging scan types, including CT, helical scans, and in-motion radiography [13] . Thus the robotic system is an allin-one system to perform different X-ray imaging scan types. An example of this is shown in Fig. 11 , where X-ray images were taken of a helical scan of a Maglite [37] performed with the robotic system. In order to perform the helical scan, the robot simultaneously translated the part vertically and rotated the part at each step in the scan. Helical scans are implemented to decrease scan time when the imaged object is longer than the detector's field-of-view. It is also useful when using a point source, where the source strength is not as strong near the top and bottom of the image. The capabilities and application process for helical scans are well documented by Silverman et al. [38] . The six images below in Fig. 11 (left to right) show the progression of a helical scan of the Maglite. These images are just a subset of the entire helical scan from the beginning to end of the scan (rotated from 0°to 360°and translated 7 cm in total). Each progressive image in the radiographs below show the part rotated 51°and translated 1.17 cm. The two-fingered Robotiq gripper is visible in the first five images but does not obtrude the critical features of the Maglite. Heat-source radiographed in normal configuration (left) and radiographed in "pole shot" configuration (right).
A CT scan of the Maglite was also performed using the robotic system as well as a standard rotary stage [39] for comparison. Fig. 12 shows the reconstructed CT images and cross-sectional slices of the part that were acquired using both systems. The scan performed using the robotic system consisted of a 360°scan with 600 projections. A similar scan was acquired using the rotary stage to rotate the part; however, 1000 total projections were acquired. The same number of projections could have been acquired using the robotic system, but was unnecessary to see that the results are comparable.
A mock heat source, approximately 1 in in diameter, was also radiographed using the 225 keV microfocus X-ray source to demonstrate the system's high precision capability. There are many instances in radiography where specific views of a part are needed. One common view is a pole-shot of an object, where the beam goes through the part from the top to bottom. For example, a pole-shot radiograph of the heat source is seen in Fig. 13 . This radiograph was acquired using the robotic system as shown in Fig. 14 . With this system, one can acquire various views and angles of a part, and even place the part back down and pick it up in a different orientation if a specific view such as a pole-shot is required. Without the robotic system, the operator would have to shut down the radiation source and manually reposition the part. For some specific shots, such as pole-shots, a fixture may even need to be machined to hold a part in place so that it does not move while imaged.
This work focuses on asking industrial robots to do flexible tasks on a small scale with the precision required for nontrivial NDT tasks in a DOE complex. A demonstration of this capability is shown in Fig. 15 , which shows the X-ray radiographs and intensity transmissions of the heat source. The weld in the heat source must be perfectly aligned with the detector that, when performed manually, is a time-consuming and frustrating exercise in trial-and-error. The intensity transmission histograms are used to align the part autonomously. On the left of Fig. 15 , the two X-ray intensity transmission peaks marked are produced as X-rays penetrate the weld area of the heat source: one for the front side of the weld and one for the back. The peaks result as the X-rays are attenuated to a lesser extent where the heat source is welded together as the weld appears in the radiograph as a material of slightly different density. To properly align the heat source so that the imaging system only sees a single peak of X-ray intensity transmission, the robotic system must align the part as shown on the right of Fig. 15 . To accomplish this task, a feedback loop is made between the robotic system and the imaging system that continuously takes digital radiographs in real-time. The robotic system, adjusts the part until a single X-ray intensity transmission is observed in the region of interest. When the weld is perfectly aligned, the two peaks will converge into a single peak. A real-time positioning system with digital feedback allows this alignment to be achieved quickly without manual repositioning of the part.
IV. CONCLUSION
We have demonstrated the utility of using a robot for positioning of radiography samples to reduce worker exposure and achieve real-time, arbitrary six-axis sample positioning. The performance gains achieved by the robot enable advanced radiography techniques such as helical scanning, CT, and alignment of welded components. These demonstrated using an industrial robot deployed in both a nuclear reactor beam port and a high-energy X-ray bay. This effort is a collaboration between AET-6 at LANL and UT Austin. The use of robotics and automation reduces personnel dose, improves precision alignment, and improves throughput. Automation has the additional potential benefit of improving part throughput by obviating the need for human personnel to move or exchange parts to be imaged and allowing for flexible orientation of the imaged object with respect to the X-ray or neutron beam. We have presented a new approach for X-ray imaging using robotics that opens the door for new possibilities for NDT imaging. The ability to have six DoF control while keeping alignment repeatability tolerances to less than 20 μm means that configurable imaging scans are not only definable but maintainable. The configurability allows for an automated imaging system that has the same functionality as multiple separate imaging systems and one that can accommodate a large variation of part form factors. Furthermore, the linear and rotation positioning capabilities needed for magnification changes and part tilt can also be achieved with this approach. The use of commercially available robotics allows for scaling of this system relatively easily as there is consistency in robot controllers for a large variety of robot models that support ROS [25] . We have shown that the stable positioning for X-ray imaging can be performed to at least the required 25-μm absolute repeatability level defined by LANL engineers. This positional error may be further reduced by use of a laser tracker that monitors and records positions for fine robot position correction as shown by Gordon et al. [41] .
The system can run autonomously as well as in teleoperated mode, and it gives technicians the ability to position samples in real time, in situ, and arbitrarily in 6-axes without entry into potentially high radiation areas. The ability to arbitrarily position a sample in space ensures that the radiographer can obtain exactly the image they need without the need to design and fabricate new fixtures or tools. The estimated time saved over manual operations is at least 3 min/view. For example, if 1000 parts are imaged, 50+ h of labor is eliminated. This does account for the time it takes for reentry into radiation areas and inevitable small motion adjustments. The robotic system also extends operation and the use of multiple shifts.
Future work will focus on improving the feedback loop between the robot and CT processing algorithms, which allows for additional imaging techniques, applications, improved radiograph quality, and reduced throughput time. For example, this system can achieve evenly spaced views around a sphere autonomously. Also, after an initial radiograph is acquired, the CT processing algorithm (or operator) could request additional views to reduce error and achieve more optimal radiographs. Sample holder trays to hold and organize parts will be printed via additive manufacturing or fixture free grasping systems under development in a parallel effort can further reduce integration efforts. Gripper interlocks and grasp validation techniques can prevent the release of a part except in designated process locations for additional safety measures if needed. Sheldon Landsberger is a Professor in the Nuclear and Radiation Engineering technical area in the Mechanical Engineering Department. He has served on the faculty of the Cockrell School of Engineering since 1997. He has published more than 220 peerreviewed papers and more than 160 conference proceedings mainly in nuclear analytical measurements and their applications in nuclear forensics, natural radioactivity, environmental monitoring of trace and heavy metals, and use of radiation detectors on robots and other mobile systems.
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